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ABSTRACT
Recently, many superflares on solar-type stars have been discovered as white-light
flares (WLFs). The statistical study found a correlation between their energies (E)
and durations (τ): τ ∝ E0.39 (Maehara et al. 2015, EP&S, 67, 59), similar to those of
solar hard/soft X-ray flares: τ ∝ E0.2−0.33. This indicates a universal mechanism of
energy release on solar and stellar flares, i.e., magnetic reconnection. We here carried
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out a statistical research on 50 solar WLFs observed with SDO/HMI and examined
the correlation between the energies and durations. As a result, the E–τ relation on
solar WLFs (τ ∝ E0.38) is quite similar to that on stellar superflares (τ ∝ E0.39).
However, the durations of stellar superflares are one order of magnitude shorter than
those expected from solar WLFs. We present the following two interpretations for
the discrepancy. (1) In solar flares, the cooling timescale of WLFs may be longer
than the reconnection one, and the decay time of solar WLFs can be elongated by
the cooling effect. (2) The distribution can be understood by applying a scaling law
(τ ∝ E1/3B−5/3) derived from the magnetic reconnection theory. In this case, the
observed superflares are expected to have 2-4 times stronger magnetic field strength
than solar flares.
Keywords: Sun: flares – stars: flare – Sun: magnetic fields – magnetic reconnection
1. INTRODUCTION
Solar flares are abrupt brightenings on the solar surface. During flares, magnetic energy stored
around sunspots is believed to be converted to kinetic and thermal energies through the magnetic
reconnection in the corona (e.g., Priest 1981; Shibata & Magara 2011). In the standard scenario,
the released energies are transported from the corona to the lower atmosphere by nonthermal high
energy particles and thermal conduction. The energy injection causes chromospheric evaporations
and chromospheric condensations, which are observed as bright coronal and chromospheric emission,
respectively.
Flares in the visible continuum are particularly called white-light flares (hereinafter WLFs), firstly
observed by Carrington (1859) . Solar WLFs are usually rare events compared to the Hα and soft
X-ray flares because of the short durations (typically a few minutes; Hudson et al. 1992; Xu et al.
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2006) and the low contrast (typically 5-50%, at most 300%; Lin & Hudson 1976; Jess et al. 2008).
It is widely accepted that white-light (WL) emissions are well correlated with hard X-ray and radio
emissions spatially (e.g., Krucker et al. 2011) and temporally (e.g., Hudson et al. 2006). These
properties imply that high energy electrons are essential to the WL emissions. However, while the
high energy electrons can penetrate into the chromosphere, they hardly reach the photosphere where
optical photospheric continua originate (Najita & Orrall 1970). For this reason, some portions of WL
emissions are considered to be radiated through hydrogen recombination continuum (Paschen) at the
directly heated and ionized upper chromosphere (Machado et al. 1989; Svestka 1976; Heinzel et al.
2017). On the other hand, the absence of strong chromospheric Balmer-continuum emission in
some WLFs (so-called “type-II” WLFs, Machado et al. 1986) is considered to suggest another WL
emission source (Ding et al. 1999), which is H− continuum from the heated photosphere (also see
Machado et al. 1989; Svestka 1976; Heinzel et al. 2017, for review). The energy transportation to
such a lower atmosphere is still debated. A strong downward irradiation by XUV or hydrogen Balmer
continuum is proposed to heat the lower atmosphere ( the so-called “back-warming”). In addition
to this, other energy injections have been also proposed, such as Alfve´n waves (Fletcher & Hudson
2008) or high energy protons (Neidig 1989).
In any case, the lack of information of the emission heights and spectra makes it difficult to identify
the emission mechanism. Although many authors have reported the emission heights compared to
hard X-ray (e.g., Mart´ınez Oliveros et al. 2012) and chromospheric line emission (Watanabe et al.
2013), there is no agreement due to its difficulty in observation. The broad-band spectroscopic ob-
servations of solar WLFs are quite sparse (e.g., Mauas 1990), but enable us to fit the continuum
with blackbody radiation. Some studies reported the emission temperature of 5,000–6,000 K (e.g.,
Watanabe et al. 2013; Kerr & Fletcher 2014; Kleint et al. 2016), and the others 9,000 K (Kretzschmar
2011). The latter is similar to stellar observations (9,000-10,000 K) of flares on M-type stars (e.g.,
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Hawley & Fisher 1992). The blackbody fitting would enable us to roughly estimate the radiation en-
ergies in the optical continuum, but it does not consider the Balmer recombination continuum whose
large enhancement is proposed by some observations (e.g., Heinzel & Kleint 2014) and simulations
(e.g., Kowalski et al. 2017).
In contrast to solar observations, the recent space-based optical telescopes found many stellar
WLFs. Interestingly, they also discovered many large WLFs, called “superflares”, on solar-type stars
(G-type main sequence stars) whose energies (1033−36 erg) are 10–10,000 times larger than those of the
maximum solar flares (∼ 1032 erg) (Maehara et al. 2012; Shibayama et al. 2013). Various statistical
studies show common properties between the solar and stellar flares as well as those between sunspots
and star spots. The occurrence frequency of flares and spots are universally expressed with the same
power-law relation among the Sun and superflare stars (Shibayama et al. 2013; Maehara et al. 2017),
which implies a common energy storage mechanism. The released energies through solar flares
and superflares are found to be comparable with the magnetic energies stored around the spots
(Notsu et al. 2013). This indicates that superflares are also phenomena where magnetic energies are
released.
Maehara et al. (2015) reported that there is a correlation between the energies radiated in WL (E)
and durations (τ) of superflares: τ ∝ E0.39. They found that the power-law relation is surprisingly
consistent with those of solar flares observed with hard/soft X-rays: τ ∝ E0.2−0.33 (Veronig et al.
2002; Christe et al. 2008). A similar relation is also found between stored magnetic energies (Emag)
and soft X-ray flare decay time (τdecay): τdecay ∝ E0.41mag (Toriumi et al. 2017). These similarities on
the E–τ relation indicate a common mechanism of energy release among solar flares and supreflares.
Maehara et al. (2015) moreover suggested that the observed power law relations can be explained by
the magnetically driven energy release mechanism (magnetic reconnection) as follows. Since flares
are the mechanism that releases stored magnetic energies (Emag), flare energy (E) is expressed as a
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function of magnetic field strength (B) and length scale (L) of flares:
E ∼ fEmag ∼ fB2L3, (1)
where f is a fraction of energy released by a flare. On the other hand, the duration of flares (τ) is
thought to be comparable to the reconnection time scale (τrec):
τ ∼ τrec ∼ τA/MA ∝ L/vA/MA, (2)
where τA = L/vA is the Alfve´n time, vA is the Alfve´n velocity, and MA is the dimensionless re-
connection rate which takes the value of 0.1-0.01 in the case of the Petschek-type fast reconnection
(Shibata & Magara 2011). Assuming that stellar properties (B and vA) are not so different among
the same spectral-type stars (solar-type stars), the values of both E and τ are determined by the
length scale (L). On the basis of this assumption, the relation between E and τ can be derived by
deleting L from Equation 1 and 2:
τ ∝ E1/3. (3)
This similarity between the theory and solar and stellar flare observations indirectly indicates that
solar and stellar flares can be explained by the same mechanism of magnetic reconnection.
To confirm observationally this suggestion, a key is to investigate whether both solar and stellar
flares are on a E–τ relation in a common wavelength range (X-ray or WL). In this study, we carried out
a statistical research on 50 solar WLFs and compared the E–τ relations in the WL wavelength range,
aiming to confirm the above expectation that solar and stellar flares can be universally explained by
the same theoretical relation (Equation 3). We introduce analysis methods in Section 2, show the
results in Section 3 and discuss the obtained results in Section 4
2. ANALYSIS
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We carried out statistical analyses of temporal variations of 50 solar WLFs observed by Solar
Dynamics Observatory (SDO)/Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012) in the
continuum channel with 45 sec cadence. It is necessary to carefully subtract the background trend
since the emission of solar WLFs is difficult to detect due to much lower contrast to the photosphere.
On the basis of the previous studies (e.g., Kuhar et al. 2016; Matthews et al. 2003), we identified the
WL emissions inside the region with strong HXR emissions observed by RHESSI (Reuven Ramaty
High Energy Solar Spectroscopic Imager; Lin et al. 2002). The radiated energies and decay times
were calculated from the extracted light curves of WLFs. In the following subsections, we introduce
these analysis methods.
2.1. Selection
Our WLF catalogue contains M and X class solar flares which occurred from 2011 to 2015 and
were observed by both SDO/HMI and RHESSI. The 43 flares in our catalogue which occurred from
2011 to 2014 were taken from Kuhar et al. (2016), we enlarged the sample by adding 10 flares which
occurred in 2015. The newly added flares satisfy the following three conditions.
• The GOES X-ray class is above M2.
• The overall light curve of a flare was observed by RHESSI.
• The WL emissions can be clearly recognized with the pre-flare-subtracted images.
The reason why we added only above M2 class flares is that the increase in numbers of weak flares
would not improve statistics due to the difficulty in measurements of the emission. After the imaging
process of HXR with the RHESSI data, we finally selected 50 solar flares (Table 1) whose HXR
emissions are well spatially correlated with the WLF emissions.
2.2. Time Evolution of WLF
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As mentioned above, it is necessary to appropriately decide the area where we measure the en-
hancement of WLF to avoid the disturbance from granule or p-mode ocsillations. In this study, we
extracted WL emissions inside the area identified by the HXR emissions observed with RHESSI.
In the imaging process of the RHESSI data, we used the CLEAN algorithm (Hurford et al. 2002).
Detectors were carefully chosen on the basis of the RHESSI detector spectrum (see, Table 2). The
energy band was determined to be 30-80 keV because the HXR around 50 keV is well correlated with
WLF emissions (e.g., Kuhar et al. 2016). The integration time ranges were set from the beginning
to the end of HXR flares. As for the events whose loop-top sources have too strong HXR emissions,
the initial impulsive phases were excluded to make clear maps of footpoint sources.
Comparing the images of the HXR flares and WLFs, we decided to make the light curves of WLFs
by summing up the brightness variations of the HMI images inside the 30% contour of HXR emissions.
This contour level is large enough to cover the enhancements of WLF emissions. In order to make the
light curves with high precision, the contour levels were adjusted to 10%, 20%, 50%, or 70% for some
events whose HXR emissions are too large or too small (Table 2). We determined the WLF’s start
and end time on the basis of the obtained light curves (Lobs) and the pre-flare-subtracted WL movies
(Table 2). We subtracted the global trend as follows. First, we replaced the light curves during the
flares with linear interpolation of the quiescence (Lbg). Second, we obtained global background trends
(Lbg−trend) by performing a smoothing process (across 5 points of data) for the obtained background
light curves (Lbg). Lastly, we subtracted the global background trends (Lbg−trend) from the original
light curves (Lobs) and obtained the light curves of WLFs (LWL = Lobs − Lbg−trend). This analysis
could hide meaningful trends such as increase in photospheric activity or gradual cooling components.
Considering these effects, we estimated the expected error bars in the Section 3.2.
Figure 1 shows the examples of the time evolutions of WLFs. (a) is one of the most powerful WLFs
in our catalogue which occurred on 23th October 2012 (a X1.8 class flare). In the panel, light curves
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observed by GOES, RHESSI and SDO/HMI are plotted in the left, and the pre-flare-subtracted
images of the evolution of the WLF in the right. In the images, the time are indicated with arrows in
the SDO/HMI light curve, and the black components show the WL emissions over 1σ levels. (b) and
(c) show one of the long and short WLFs in our catalogue, respectively. (d) is a disk-center event,
and the WL kernel can be seen in the pre-flare subtracted images in the HXR contour. As one can
see, the main enhancement can be detected inside the RHESSI contours, and the decay phases are
usually a few minutes, as many previous studies also reported (e.g., Kuhar et al. 2016; Hudson et al.
1992; Xu et al. 2006; Matthews et al. 2003)
To present whether the cadence of SDO/HMI is short enough to resolve the evolution of WLFs,
we compared the obtained light curves with those observed by the Solar Magnetic Activity Research
Telescope (SMART ; Ishii et al. 2013) at Hida Observatory of Kyoto University for one event and
Hinode/Solar Optical Telescope (SOT; Tsuneta et al. 2008) for four events. In our catalogue, a flare
on 5th May 2015 was also observed by SMART. The SMART observes partial images of the Sun
with a continuum filtergram (center 6470 A˚, width 10 A˚), and the time cadence is ∼0.04 sec. We
made a light curve by the same way as the above analysis and compared the time evolution with that
obtained from HMI in Figure 2. These light curves, as in Figure 2, look consistent with each other,
which indicates that the cadence of HMI is enough to follow the evolution of solar WLFs. There are
also 4 events whose time profiles are clearly observed by Hinode/SOT in the continuum channels (a
red channel at 6684.0 A˚, and a green at 5550.5 A˚, a blue at 4504.5 A˚) among our catalogue (see,
Table 3). Figure 3 shows that the obtained light curves well match each other.
2.3. Calculation of Energy and Duration
The main aim is to compare the energy (E) and duration (τ) of solar and stellar WLFs. We then
calculated the energy and duration by the same way as Shibayama et al. (2013) and Maehara et al.
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(2015). There are two different things between solar and stellar observations, time cadences and
pass bands. SDO/HMI observes the overall Sun with a 45 sec cadence and a narrow-band filtergram
around a 6173.3 A˚ FeI line, while Kepler carried out 1 min cadence observations with 4000-9000 A˚
broad-band filters. We calculated the energy of solar WLF assuming it is radiated by Tflare =10,000
K blackbody (see Katsova & Livshits 2015, for this assumption):
E=σSBT
4
flare
∫
Aflare(t)dt (4)
Aflare(t)=
Lflare
Lsun
piR2
∫
RλBλ(5800K)dλ∫
RλBλ(Tflare)dλ
, (5)
where σSB is Stefan-Boltzmann constant, Lflare/Lsun is the flare luminosity to the overall solar lu-
minosity, R is the solar radius, Rλ is a response function of SDO/HMI and Bλ(T ) is the Planck
function at a given wavelength λ. Since it is not confirmed how strongly the WL emission of flare
is affected by the limb darkening effect (e.g., Watanabe et al. 2013), we obtained WL fluxes and en-
ergies with and without correcting for the limb darkening of a plane parallel atmosphere at 6000 A˚.
On the other hand, the durations of flares are also calculated as e-folding decay time of light curves
as in Maehara et al. (2015). If we use the 45 sec cadence data, the decay time may be overestimated
especially in the case of the flares with very short duration such as in the lower panels of Figure 1.
We therefore calculated the decay time by using the light curves corrected for a linear interpolation
of 1 sec cadence.
3. RESULT
3.1. Relation between WLF Flux, Energy and SXR Flux
First, we show statistical properties concerning the WL fluxes, energies, and GOES SXR fluxes.
In our catalogue, more than 40 flares were also analyzed by Kuhar et al. (2016), and the values of
WL fluxes obtained in this study are quite consistent with those obtained by Kuhar et al. (2016).
The left panel in Figure 4 shows comparisons between WL fluxes (FWL) and GOES soft X-ray fluxes
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(FSXR) at the flare peak, and the right panel shows the same but the WL fluxes are limb-darkening
corrected fluxes. We fitted the relation between FWL and FSXR in the form of FWL ∝ (FSXR)a with
the following two methods for comparison, a linear regression method (LR) and a linear regression
bisector method (LRB; Isobe et al. 1990). By the linear regression method, the power-law indexes of
the left panel are a = 0.63± 0.04, and those of the right panel are a = 0.59± 0.04.
Likewise, the left panel in the Figure 5 shows comparisons between WL energies (EWL) and GOES
soft X-ray fluxes, and the right shows the same but the WL energies are the limb-darkening corrected
ones. The power-law relations (EWL ∝ (FSXR)b) are obtained with the indexes b = 0.87 ± 0.04, and
those of the right panel with b = 0.84± 0.04.
3.2. Relation between WLF Energy and Duration
Figure 6 shows comparisons between the radiated energies (E) and durations (τ) of solar WLFs.
The errors of flare durations are calculated by assuming that the pre-flare continuum levels fluctuated
by 1σ. There can be seen a positive correlation between flare energy and its duration and we can
get the relation of τ ∝ E0.38±0.06 by fitting the data with a linear regression method (the same fitting
method as Maehara et al. 2015). Note that the relatively shorter durations of the Hinode’s flares are
due to a selection bias that the Hinode’s observational intervals cannot cover the overall light curves
of long duration flares. In fact, the decay time obtained from Hinode data is only 12 % shorter than
that obtained from SDO data (also see, Table 3).
3.3. Comparison between Solar Flares and Superflares on Solar-type Stars
We compared the solar WLFs and superflares on solar-type stars in Figure 7. The data of superflares
were basically taken from Maehara et al. (2015), which reports 187 superflares on 23 solar-type stars.
In figure 7, however, we excluded all flares (19 events in total) on KIC 7093428. This is because KIC
7093428 was found to be a sub-giant star (surface gravity log g ∼ 2.77) in the latest version of the
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Kepler Input Catalog (Mathur et al. 2017), which includes the results of new estimations of log g
values using the granulation amplitude data in Kepler light curve (cf. Flicker method; Bastien et al.
2016). The other 22 superflare stars in Maehara et al. (2015) are still in the range of solar-type stars
in this revised Kepler Input Catalog, and we use these stars in the plot in Figure 7.
The left panel shows the distribution of WLF fluxes and durations of solar flares (filled squares)
and superflares with short cadence data (open squares). The solar WLF fluxes LWL are about 10
−5–
10−6Lsun, where Lsun is the solar luminosity. These values are consistent with the result of flare
observations using the total solar irradiance data (e.g., Kretzschmar 2011).
Likewise, the right panel shows the distribution of radiated energies and durations. The power-
law index of the superflares (without KIC 7093428) is 0.38 ± 0.02. This is not so different from
the original value (0.39), which includes the data points of KIC 7093428. As in the above section,
we found that a power-law index of solar WLFs (0.38) is found to be consistent with that of the
superflares (0.38). However, these distributions of solar and stellar flares cannot be explained by a
same power-law relation (cf, Equation 3, Maehara et al. 2015), and the durations of superflares are
one order of magnitude shorter than those extrapolated from the power-law relation of solar WLFs.
4. DISCUSSION
4.1. Energetics of Solar Flares
Many stellar flares are recently observed especially as WLFs thanks to the Kepler data, and the
properties of stellar WLFs have been studied. In contrast, the energy scales of solar flares are mainly
classified by the GOES X-ray flux (a few % of the total radiated energy; Emslie et al. 2012). To
compare the properties of solar and stellar flares and understand the energetics of flares, it is necessary
to investigate the relation between the GOES soft X-ray fluxes and WLF energies.
Our results of comparisons between WLF flux and GOES soft X-ray flux (FWL ∝ F 0.59±0.04SXR ) well
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match the relation (FWL ∝ F 0.65SXR) obtained by Kretzschmar (2011). Even if the relation is universal
across to wide energy ranges, the absence of a linear correlation is not surprising and can be explained
as follows. The relation between HXR and SXR flux is expressed as FHXR ∝ dFSXR/dt ∝ FSXR/τ in
the impulsive phase, which is known as Neupert effect (Neupert 1968). By considering that WLFs
are well correlated with HXR flares and using the relation τ ∝ E1/3, the relation between WL fluxes
and SXR fluxes is derived as FWL ∝ FHXR ∝ FSXR/τ ∝ F 2/3SXR, which is in agreement with the above
observed FWL–FSXR relations.
Against these observations, Shibayama et al. (2013) suggested that the flare energy-frequency dis-
tribution cannot be explained by the Krezschmar’s relation but by proportional relation (FWL ∝
FSXR). However, the relation between flare energy and soft X-ray flux can be calculated as EWL ∼
FWL × τdur ∝ F 3/2WL ∝ FSXR by using the Krezschmar’s relation and the relation of τ ∝ E1/3. Hence,
there is in fact no contradiction between the observed flare energy-frequency distributions and the
Krezschmar’s relation. As in Figure 5, we found that the relation between the flare energy and GOES
flux is in EWL ∝ F 0.84±0.04SXR with a linear regression method. Note that this power-law index may not
be universal among wide energy ranges because it significantly depends on the fitting method due to
such a narrow x-y range (e.g, EWL ∝ F 1.18±0.04SXR with a linear regression bisector method; Isobe et al.
1990).
4.2. The Energy and Duration Diagram
As mentioned in Section 1, the relations between flare energies and durations have been found to
be universal among solar X-ray flares (τ ∝ E0.2−0.33) and stellar WLFs (τ ∝ E0.39), and the relation
well matches the theoretical relation consistent with magnetic reconnection (τ ∝ E1/3). Our result
also showed that the relation of solar WLFs (τ ∝ E0.38±0.06) well matches these previous studies
(Figure 6). This consistency supports the suggestion that both solar and stellar flares are caused by
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the magnetic reconnection. However, as in Figure 7, it was also found that WLFs on the Sun and
the solar-type stars were not on a same line though the power-law indexes are the same (τ ∝ E1/3).
This discrepancy indicates that solar and stellar WLFs cannot be simply explained by the relation
derived by Maehara et al. (2015). We propose two possibilities to explain such a discrepancy:
• properties of cooling or heating mechanisms unique to WLFs (Section 4.2.1).
• differences in physical parameters between solar and stellar flares (Section 4.2.2)
Of course some analysis problems cannot be completely excluded. We will therefore discuss the
validity of our analyses in Appendix A. Nevertheless, the result can have a potential to know the
difference between solar flares and superflares as well as the unsolved mechanism of WLFs. In the
following sections, we discuss the above two possibilities in detail.
4.2.1. Properties of Cooling or Heating Mechanisms of WLFs
The first interpretation of the E-τ diagram is that the difference between solar and stellar flares is
related to the properties unique to WLFs, especially cooling effect. It is observationally known that
solar WLFs have two emission components: a “core” structure which is a candidate of direct chro-
mospheric heating, and a “halo” structure which is a candidate of backwarming (Isobe et al. 2007).
High-time-resolution observations also reveal that, in the “halo” structure, there are long (∼500 sec)
decay components and the timescales correspond to coronal cooling timescales (Kawate et al. 2016).
We should note that it is not confirmed whether such decay time originates in the cooling timescale
or the long lasting reconnection. However, if it does correspond to the cooling timescale, the 500 sec
cooling time (tcool) is not negligible compared to the reconnection timescale (trec) and could elongate
the decay time of WLFs. Therefore, there is a possibility that the decay time of solar WLFs (below
∼ 1032 erg) are elongated by cooling effect because tcool >> trec, but those of superflares (above ∼ 1033
erg) are not elongated because tcool << trec, which would result in the observed E–τ discrepancy.
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We consider that comparisons of the durations of solar WLFs and HXR flares can provide us a hint
to cooling effect because the HXR nonthermal emissions are not affected by cooling time. We then
measured the decay time of HXR emissions (30–80 keV) as a proxy of the reconnection timescale
by using RHESSI data. In Figure 8, open circles are solar flares whose durations are replaced for
those of HXR flares. The durations of solar HXR flares are shorter by a factor of 5 at average than
those of WLFs. This indicates that the durations of solar WLFs are somewhat elongated by any
cooling effect. Also, Figure 8 shows that the distribution is roughly on the line extrapolated from
the distribution of the superflares. If we could assume that tcool << trec in the case of superflares,
then we might explain the observed E–τ diagram and conclude that both solar flares and stellar
superflares are explained by the magnetic reconnection theory.
Note that we cannot completely support the above suggestion due to the following reasons. First,
we have no knowledge about the relation between HXR durations and WL ones of superflares.
Therefore, we cannot exclude a possibility that WL emissions of stellar superflares are also affected
by cooling effect. Secondly, as in Figure 7, the E-τ relation of solar WLFs can be explained by the
same theoretical line (τ ∝ E1/3) as the large part of long-duration superflares observed by Kepler
30 min cadence. This may indicate that the WL cooling effect is not enough to explain the E–τ
diagram.
In this section, we examined the possibility that the cooling timescale might be important in the
understandings of the observed E-τ diagram. This may resolve the observed discrepancy except for
some problems. To conclude how essential the cooling effect is, we have to (i) reveal the emission
mechanism of solar WLFs, or to (ii) carry out multi-wavelength observations (WL and HXR) of
superflares.
4.2.2. Difference in Physical Parameters between Solar and Stellar Flares
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We present here the second interpretation of the observed E–τ diagram. Maehara et al. (2015)
derived the theoretical scaling law τ ∝ E1/3 assuming that the Alfve´n velocity (vA = B/
√
4piρ)
around reconnection region is constant among each flare on solar-type stars. This assumption would
be roughly appropriate according to solar and stellar observations (e.g., Shibata & Yokoyama 1999,
2002). When considering the dependence on Alfve´n velocity, the scaling law can be expressed as
follows:
τ ∝ E1/3B−5/3ρ1/2. (6)
On the basis of this scaling law, the one order of magnitude shorter durations of superflares can
be understood by (1) two orders of magnitude lower coronal density of superflares, or (2) about a
factor of 2–4 stronger coronal magnetic field strength of superflares than that of solar flares. The
former possibility is less likely because superflare stars are rapidly rotating ones which are expected
to have higher coronal densities based on the large emission measures of the X-ray intensity (e.g.,
Wright et al. 2011). On the other hand, the latter well accounts for the E–τ distributions without any
contradiction with observations that superflare stars show high magnetic activities (e.g., Notsu et al.
2015). On the basis of such a scaling relation, we proposed that the discrepancy can be caused by
the strong coronal magnetic field strength of superflares.
By assuming pre-flare coronal density is a constant value, Equations 1 and 2 give the following new
scaling laws:
τ ∝ E1/3B−5/3 (7)
τ ∝ E−1/2L5/2. (8)
To simply determine the coefficients, we observationally measured the average values of B and L on
the basis of the method introduced by Namekata et al. (2017). B is extrapolated from the photo-
spheric magnetic fields using SDO/HMI magnetogram, and L is calculated as square roots of the
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flaring area observed with SDO/Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) 94 A˚ (see
in detail Appendix B). As a result, the coefficients can be obtained as B0 = 57 G, L0 = 2.4 × 109
cm, τ0 = 3.5 min and E0 = 1.5 × 1030 erg from the average among the solar flares in our catalogue.
On the basis of such values, we applied the scaling laws to the observed E–τ diagram as in Fig-
ure 9, and found that solar flares and stellar flares have coronal magnetic field strength of 30–400
G. This range is roughly comparable to the observed values (40–300 G) of solar and stellar flares
(Rust & Bar 1973; Dulk 1985; Tsuneta 1996; Grosso et al. 1997) and those (15–150 G) estimated
by Shibata & Yokoyama (1999, 2002). Moreover, it is reasonable that the estimated loop length of
superflares (∼ 1010–1011 cm) is less than the solar diameter (1.4 × 1011 cm). These consistencies
support our suggestions. According to the scaling law, superflares observed with short time cadence
have 2–4 times stronger coronal magnetic field strength than solar flares. Although it would be
controversial whether such strong coronal magnetic fields can be really formed and sustained in the
stellar coronae, it may be possible that, in the case of the superflare stars, the stronger fields of the
surrounding quiet regions or the large star spots suppress the magnetic loops of active regions, and
then sustain such strong magnetic fields. Note that this does not mean that all of stellar flares can
be caused in such strong magnetic fields. As seen in the left and right panels of Figure 7, the upper
limit of E-τ diagram is determined by the detection limit of superflares, implying a selection bias
that the detection method by Maehara et al. (2015) tends to select relatively impulsive superflares.
Therefore, it is natural that there are expected to be long-duration superflares with field strengths
of a few 10 G .
To explain the observed E-τ diagram more realistically, we incorporated the dependence of the
pre-flare coronal density (ρ) into the scaling law in the following two ways: (1) RTV (Rosner–Tucker–
Vaiana) scaling law ρ ∝ L−3/7 (2) gravity stratification ρ ∝ L−1. RTV scaling law (T ∝ (pL)1/3; T is
temperature, p is gas pressure; Rosner et al. 1978) are well adopted to the static magnetic loop on
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the solar surface and can be deformed to ρ ∝ F 4/7L−3/7, where F is coronal heating flux. In the case
of gravity stratification, the coronal density linearly decreases as the height increases by a simple
approximation (Takahashi et al. 2016). In both cases, a pre-flare coronal density can be expressed
as ρ ∝ L−a (a > 0). When the density dependence is considered, the scaling relation is written as:
τ ∝ E1/3−a/6B−5/3+a/3. (9)
Although we ignored the F dependence, it would be negligible due to the weak dependence of F 2/7.
In Figure 10 , the theoretical scaling laws are plotted as well as the observed data. We found that
the scaling law can explain the solar and stellar observation with roughly the same magnetic field
strength (30–300 G). The power-law distributions of solar and stellar flares imply that the magnetic
field strengths decrease as the magnetic loops expand, and the different distributions of solar and
stellar flares can also be explained by the different magnetic field strength at a given height. In the
case of comparison among different spectral types, the problem would become complex because the
F dependence cannot be negligible. The validity of the scaling law will be examined in Appendix B,
and the comparison between the different spectral type will be discussed in Appendix C.
In this section, we derived the scaling laws on the basis of magnetic reconnection theory, and
suggested that the observed E–τ distribution can be explained by the different magnetic field strength
of solar and stellar flares, regardless of the WL cooling effect. These discussions in turn imply that the
stellar properties can be estimated by using the scaling law from the most simply observable physical
quantities (flare energy and duration). This would be helpful for researches on stellar properties in
the future photometric observations (e.g., TESS, Ricker et al. 2015). It is, however, not clear that
the scaling law can be applicable to the real observations due to the lack of the validation. As a
future study, the measurements of magnetic field of superflare stars would be necessary to ascertain
whether the observed E–τ diagram are caused by magnetic field strength or cooling effect.
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5. SUMMARY
We conducted a statistical research on solar WLFs, and compared the relation of flare energy
(E) and duration (τ) with those of superflares on solar-type stars, aiming to understand the energy
release of superflares by the magnetic reconnection theory. The results show that superflares have
one order of magnitude shorter durations than those extrapolated from the power-law relation of
the obtained solar WLFs. This discrepancy may have a potential to understand the detailed energy
release mechanism of superflares as well as properties of the unsolved origin of WL emissions. To
explain this result, we proposed the following two physical interpretations on the E–τ diagram.
1. In the case of solar flares, the reconnection timescale is shorter than the cooling timescale of
white light, and the decay time is determined by the cooling timescale.
2. The distribution can be understood by a scaling law (τ ∝ E1/3B−5/3) obtained from the magnetic
reconnection, and the coronal magnetic fields of the observed superflares are 2-4 times stronger
than those of solar flares. The scaling laws can predict the unresolved stellar parameters, the
magnetic field strength and loop length. This would be helpful for investigations on stellar
properties in the future photometric observations (e.g., TESS).
However, both cases are not enough validated. In case (1), the lack of our understanding of WLFs
prevents us from accepting it. It is therefore necessary to reveal the emission mechanism or to detect
the hard X-ray emission of superflares to examine the effect of the cooling timescale. On the other
hand, in case (2), the validation for solar flares are discussed in Appendix B, but it has no clear
evidence due to its complexity. We expect that measurements of stellar magnetic field strengths by
other methods will give us the answer.
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Figure 1. (a) The left panels are the light curves of a solar flare which occurred on 23th October 2012
observed by GOES (1-8 A˚; upper), RHESSI (30-80keV; middle) and HMI (white light; lower). A typical
error of WL emission is calculated on the basis of brightness variation outside the HXR contour of the HMI
images. The right panels show the evolution of the pre-flare-subtracted images observed by HMI continuum
and each time corresponds to that marked with gray line in the left lower panel. The black components
show white-light emissions above 1σ of each image and the black lines show the RHESSI contours of 30%,
50%, 70% and 90% of the maximum emission in 30-80keV. (b) A long-duration solar flare on 19th July 2012,
but the black lines show the RHESSI contours of 10%, 30% 50%, 70% and 90%. (c) A short-duration solar
flare on 20th November 2012. (d) A disk-center solar flare on 15th Feb 2011.
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Figure 2. Comparisons of the light curves of a solar white-light flare on 5th May 2015 observed by HMI
continuum (6173 A˚; a dashed line) and SMART at Hida Observatory (continuum at 6470 A˚; a solid line).
As for the SMART data, the gray solid line is the observed data, and the black one is the smoothed data.
SMART usually observes partial images of the Sun with 1 second cadence, but with 0.04 seconds cadence
from 22:04:30 to 22:12:00 in the panel. Therefore, we obtained the black solid line by smoothing the gray line
across 5 data points for the 1 second cadence data, and across 50 data points for 0.04 second cadence data.
Note that the vertical axes of the SMART and HMI data are fitted with the each peak value. Although
the 45 seconds cadence of HMI is worse than the 0.04 seconds (and 1 second) cadence of SMART, the light
curve observed by HMI matches well that observed by SMART. The flare energy and duration (2.5×1030 erg
and 2.9 min) calculated by HMI data were comparable to those (2.3×1030 erg and 2.5 min) calculated by
SMART data. This indicates that the cadence of HMI is enough to follow the evolution of solar white-light
flares.
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Figure 3. Comparisons of the light curves of solar white-light flares observed with HMI continuum (open
squares; solid lines) and with Hinode SOT red (open circles; dashed lines), green (open diamonds; dash-
dotted lines) and blue continuum (crosses; dotted lines). (a) is a flare on 18th Feb 2011, (b) a flare on 31th
Dec 2011, (c) a flare on 23th Oct 2012, and (d) a flare on 22th Oct 2014.
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Figure 4. (A) The left panel shows the comparisons of the GOES soft X-ray fluxes at the flare peak time
and the HMI white-light fluxes. (B) The right panel shows the same as the left panel, but the white-light
emissions are corrected assuming the limb-darkening of the plane-parallel atmosphere. In each panel, the
filled symbols are flares on the disk center whose distances from the solar center are less than 700 arcsec,
and open ones are flares on the limb. Dashed and dotted lines are fitted lines with linear regression method
(LR) and a linear regression bisector method (LRB; Isobe et al. 1990), respectively. The error bars shows
3σ components of the light curve in quiescence. The power-law indexes of the left panel are a = 0.63± 0.04
(LR) and a = 1.03± 0.04 (LRB), and those of the right panel are a = 0.59± 0.04 (LR) and a = 0.91± 0.04
(LRB).
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Figure 5. (A) The left panel shows the comparisons of the GOES soft X-ray fluxes at the flare peak time
and the HMI white-light energies. (B) The right panel shows the same as the left panel, but the white-light
energies are corrected assuming the limb-darkening of the plane-parallel atmosphere. In each panel, the
filled symbols are flares on the disk center whose distances from the solar center are less than 700 arcsec,
and open ones are flares on the limb. Dashed and dotted lines are fitted lines with linear regression method
(LR) and a linear regression bisector method (LRB; Isobe et al. 1990), respectively. The error bars were
calculated from 1σ components of the light curve in quiescence. The power-law relations (EWL ∝ (FSXR)b)
are obtained with the indexes b = 0.87± 0.04 (LR) and b = 1.22± 0.04 (LRB), and those of the right panel
with b = 0.84 ± 0.04 (LR) and b = 1.18 ± 0.04 (LRB), which shows that the WL energy is proportional to
GOES soft X-ray flux.
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Figure 6. Comparison between the flare energy and duration. The squares show solar white-light flares
analyzed in this paper and the dotted line is a fitting result for these data with a linear regression method.
The filled squares are flares on the disk center whose distances from the solar center are less than 700 arcsec,
and open ones are flares on the limb. The data whose durations were observed by Hinode SOT blue, red and
green continuum were also plotted with crossed, open circles and open diamonds, respectively. The data
observed by SMART is also plotted with a star symbol.
10-7 10-6 10-5 10-4 10-3 10-2 10-1 100
Flare Flux [unit in Lstar]
1
10
100
Fl
ar
e 
D
ur
at
io
n 
[m
in]
X2.8 class
Solar Flare
Superflare (1min cadence)
1028 1030 1032 1034 1036
Flare Energy [erg]
1
10
100
Fl
ar
e 
D
ur
at
io
n 
[m
in]
Solar Flare
Superflare (1min cadence)
Superflare (30min cadence)
Figure 7. Left: Comparison between the flare flux and duration. Right: Comparison between the flare
energy and duration. The open squares show solar white-light flares analyzed in this paper and the filled
squares and crosses show superflares on solar-type stars obtained from Kepler 1 minutes and 30 minutes
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APPENDIX
A. THE VALIDITY OF OUR ANALYSES
Here, we examined the validity of our analysis on the basis of the following three points: (1) the
assumption of 10,000 K blackbody radiation, (2) the relatively low time cadence of SDO/HMI, and
(3) the integration regions of WL emission.
The problem (1) may be one of the most doubtful points, but we show that it is not essential
in the case of our analysis. Maehara et al. (2015) assumed the blackbody radiation 10,000 K on
the basis of the “blackbody like” spectra of M-type star flares (e.g., Hawley & Fisher 1992) and
a few observations of solar WLFs (e.g., Kretzschmar 2011). Here we have to mention the remark
of Kleint et al. (2016) that the temperature measurements of Kretzschmar (2011) might be some-
what inaccurate because the temperature is obtained by assuming optically thin radiation. When
assuming an optically thick radiation, the temperature decreases by an order of 1,000K. In fact,
observations using Hinode and SDO show that the radiation temperature is ∼6000 K of WLFs (e.g.,
Watanabe et al. 2013; Kerr & Fletcher 2014; Kleint et al. 2016). We also carried out a pixel-based
analysis by using SDO/HMI data, revealing that the enhancement of WLFs are typically 10-50%
and the emission temperature of the brightest pixel is about 5500–7000K as in Figure A1. The left
panel of Figure A1 shows a comparison between GOES X-ray flux and maximum WL enhancements
(∆I = Iflare/Iquiescence) of SDO/HMI at the flare peaks in our WLF catalogue. By assuming a black-
body radiation with single temperature, we calculated the WL emission temperature (TWL) of the
pixels on the basis of emission level (IQR) of quite region where temperature (Teff) is ∼5800K:
IWL/IQR=B(TWL;λ = 6173A˚)/B(Teff;λ = 6173A˚), (A1)
where B(T ,λ) is a Planck function. The right panel of Figure A1 is a comparison GOES X-ray flux
and the maximum emission temperature of the WL enhancements over 3σ. Some of the emission
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temperatures are less than the effective temperature of the Sun (∼5800K) because the large WL
enhancements are often detected in the sunspots. As one can see, the temperatures are from 5500K
to 7000K, which is comparable to the previous studies based of multi-wavelength observation with
Hinode (e.g., Watanabe et al. 2013). Therefore, the 10,000 K radiation temperature is not so well
justified even for solar WLFs. Nevertheless, in the case of our analysis, we can conclude that the
difference in the emission temperature hardly affect the estimation of the energies of WLFs. This
is because the decrease in the temperature leads to the decrease in surface luminosity (∝ T 4), but
also to the increase in emission area (∝ T−4) when using Equation 4 and 5. For example, when the
temperature changes to 6000K (7000K) from 10,000 K, the estimated energies will change only by a
factor of 0.49 (0.56). This cannot explain the gap between solar and stellar flares as far as we assume
blackbody, which indicates that the assumption is not essential in this study.
The next point (2) is that the decay time may be overestimated because the time cadence of HMI
is too long to follow the temporal evolutions of solar WLFs. Against this problem, we confirmed
that there actually exist solar WLFs having such a long duration in Section 2.3 by comparing with
the higher time-cadence observations with Hinode/SOT and SMART/T3. On the other hand, the
existence of solar WLFs with ultra-short duration (∼ a few sec) cannot be completely excluded. Flares
with no WL emission (non-WLFs) may be candidates of ultra-impulsive WLFs, which would be less
likely because non-WLFs are typically long duration flares (Watanabe et al. 2017). To show more
evidence, we demonstrate the effect of time cadence of the SDO/HMI on the detectable durations
of WLFs by simply simulating light curves as follows. First, we assumed light curves with rapid
increases of the emission and single exponential decay (i.e., ∝ exp(−t/tdur), tdur ∝ E1/3). The e-
folding decay times (tdur) are extrapolated from the distribution of superflares (see a dotted line in
Figure A2; Maehara et al. 2015). Next, we calculated the e-folding decay time when an instrument
has a time cadence of 45 seconds and a exposure time of 0.0025 sec. Note that the real observation
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is more complex because the SDO/HMI continuum is a “reconstruction” from the six filtergrams.
Figure A2 shows the result of the above analyses where the gray crosses are extrapolated distributions
of solar WLFs (tdur) and the black are the calculated observable distributions (tobs). The observed
distribution of solar WLFs (filled square) cannot be explained by the calculated distribution (tobs),
which indicates that the observed distribution of solar flares are not caused by the lack of the time
cadence. According to such observations and calculations, there is no clear evidence that the durations
of solar WLFs are overestimated due to the time cadence of the SDO/HMI.
Lastly, we confirmed the point (3). The integration regions were defined by the RHESSI HXR
emissions and the area was adjusted so that most of the WL emission over its 1σ level are located
inside the area. However, there may be weak WL emission under the 1σ level outside the HXR
region. We then measured light curves averaged over 50 WLFs by changing the integration region
to UV regions (SDO/AIA 1600 A˚) and global regions (192×192 arcsec around the event location),
which are much larger than HXR compact source. Here we used the AIA 1600 A˚images with 48
sec cadence over ± 30 minutes from flare peak and excluded saturated images. The UV regions are
defined as those with the UV emissions over 10σ levels. Figure A3 is the averaged light curves for
each integration region. This indicates that the light curves hardly depend on how to define the
integration regions and the obtained energies change within a factor of 2, which cannot explain the
discrepancy on the E-τ diagram.
As long as our present knowledge and instruments are concerned, we can conclude that the estimated
energies and durations of solar WLFs would be realistic and the discrepancy is caused by some kinds
of physical reasons. More investigations are, however, necessary, especially spectroscopic observations
32 Namekata et al.
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Figure A1. The left panel shows comparisons between GOES X-ray flux and maximum WL enhancements
compared to the pre-flare levels. We used the SDO/HMI data at the flare peaks for our catalogue. The right
panel is comparisons of GOES X-ray flux and the emission temperature of the WL enhancements calculated
by the Equation A1.
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Figure A2. The energy and duration diagram. The symbols are basically the same as Figure 7. Dotted
lines are extrapolated lines from the distributions of superflares. Gray crosses are distributions in the range
of 1029−31 erg which extrapolated from those of superflares, and black ones are the calculated distributions
by assuming the time cadence of 45 seconds.
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Figure A3. Figure shows the light curves averaged over 50 WLFs by changing the integration region to hard
X-ray region (solid), UV region (SDO/AIA 1600 A˚; dashed) and global region (192×192 arcsec around the
event location; dotted).
34 Namekata et al.
B. VALIDATION OF THE SCALING LAW
In Section 4.2.2, we proposed the possibility that the discrepancy of E-τ can be explained by
the coronal magnetic field strength, and derived the useful equations. To confirm our suggestions
and apply the scaling law to stellar flare observations, we tested the validity of the scaling law on
spatially resolved solar flares in our catalogue. The coronal magnetic field Bobs and loop length
Lobs are observationally estimated by using images taken with SDO/HMI magnetogram and AIA 94
A˚, respectively, and we then compared them with theoretical values (Btheor, Ltheor) obtained from
Equations 7 and 8. We simply explain the observational method as below. Firstly, flaring regions
were defined as the regions with the brightness of AIA 94 A˚ above 50 DNs−1. The loop length scales
Lobs were defined as square roots of the areas of flaring regions. Secondly, the means of absolute
values of photosphetic magnetic field B¯ were measured inside the projection of the above flaring area
to the photosphere. Using the empirical relation between coronal and photospheric magnetic field
(Bcorona ∼ Bphotosphere/3; Isobe et al. 2005; Dulk & McLean 1978), coronal magnetic field strength
Bobs were calculated as B¯/3. Please refer to Namekata et al. (2017) for more detail.
The left panel in Figure B4 is a comparison of the theoretical and observational coronal magnetic
field strength. As we expected, there are weak positive correlations between the theoretical and
observational estimated magnetic fields. The failure in the power law index may be caused by the
rough method of extrapolation of Bobs (Namekata et al. 2017) and the large scattering would be due
to the difficulty in accurate measurements of solar WLFs and the contribution of the filling factor
to the scaling laws. The right panel in Figure B4 is the same as the left one for the magnetic loop
length (L). As one can see, the scaling law can predict the loop length with a linear relation, which
is natural because flare energy and durations are basically determined by the length scales in the
case of solar flares.
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Although there are positive correlations between the observed values and those estimated by our
scaling law, the validity of the scaling laws cannot be completely confirmed, especially for the magnetic
field strength. This can be because of the difficulty of the measurement of both physical quantities of
solar WLFs and coronal magnetic field strength. As a future study, it is necessary to directly measure
stellar magnetic field strengths and compare those estimated from the flare scaling relations.
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Figure B4. Comparisons of the theoretical and observational values. The left and right panels show the
comparison of coronal magnetic field strengths B and loop lengths L, respectively. In the left panel, open
circles are flares on the limb (>700) whose magnetic field strength is not reliable. Dotted lines are the fitted
lines with linear regression bisecter method. As for the left panel, we fitted the data except for the limb
data.
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C. APPLICATIONS TO OTHER STUDIES AND FUTURE STELLAR OBSERVATIONS
Here we try to apply our scaling relation (Equation 7) to other studies and show our prospects
for the future stellar observations. Firstly we compared the solar WLFs and flares on a M-type
star GJ1243 (Hawley et al. 2014). Figure C5 is the comparison on the E-τ diagram. Note that the
durations are defined as those from the beginning to the end of flares, and the energies are converted
into that in the Kepler pass band by assuming 10,000 K blackbody. On the basis of our scaling
relation (Equation 7), the magnetic field strength of GJ 1243 is about 1.7 times stronger than that
of solar flares. This is consistent with our understanding that the magnetic field of M-type stars
are stronger than that of the Sun. However, the scaling law would not be easily applied in this
case because the coronal density is expected to be different from solar atmosphere. Moreover, the
emission profile would be expected to be different between solar WLFs and those on M-type stars. It
is therefore necessary to investigate the spectral profiles of solar and stellar WLFs as well as stellar
atmospheric parameters in detail.
Next let us apply our scaling laws to the previous papers studying the relation between flare energies
(or fluxes) and durations. For example, Tsuboi et al. (2016) examined the X-ray flare luminosity (L)
and its duration (τ) about flares on M-type stars, RS CVn stars and the Sun, and discussed the
obtained relations τ ∝ L 0.2 by using the scaling relation of radiative and conductive cooling. The
theories based of radiative/conductive cooling include an uncertainty because X-ray light curves are
observed as superpositions of flaring loops which reconnected one after another. If the scaling law
(Equation 9; a = 4/7) is applied, the estimated magnetic field strength of flares on M-type stars, RS
CVn stars and the Sun is ranging from 50 G to 500 G and predicts the stronger magnetic field strength
on M-type and RS CVn stars than on our Sun. This is consistent with the observation that M-type
and RS CVn stars tend to show extremely high activities (e.g., Gershberg 2005) and M-type stars
have about three times stronger magnetic field of star spots than our Sun (Johns-Krull & Valenti
1996). Chang et al. (2015) moreover carried out a statistical study about WLF energy and duration
on mid-M stars. The result shows the different distribution on E–τ between nearby M stars (relatively
long duration) and open cluster M stars (relatively short duration). This is consistent with our
understandings that stars in open clusters are young and then have strong magnetic field strength.
As Kepler mission have discovered a huge amount of stellar flares, the number of such kind of
observations would increase in future (e.g., TESS; PLATO, Rauer et al. 2014). In this situation,
our scaling law would be helpful for research on stellar activities. The advantage of the scaling law
is that only by optical photometry we can estimate physical quantities of unresolved stellar surfaces.
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Figure C5. A comparison between the flare energies and durations. The filled squares are solar WLFs and
the gray crosses are flares on a M-type star GJ1243 (Hawley et al. 2014). Note that the durations are defined
as that from the beginning to the end of flares, and the energies are converted into that in the Kepler pass
band by assuming 10,000 K blackbody
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Table 1. Physical paremeters of flares.
No Day∗ GOES Loc.† E‡ EC
§ ∆E‖ F# FC
§ ∆F ‖ τdecay
∗∗ ∆τdecay τHXR
†† FC/Fsun Best
‡‡ Bobs
§§ Lest
‡‡ Lobs
§§
Class [arcsec] [1029erg] [1029erg] [1029erg] [105DN] [105DN] [105DN] [min] [min] [min] [ppm] [G] [G] [109cm] [109cm]
1 2011/02/15-01:56 X2.2 (210,-220) 66.1 71.1 7.7 29.8 32.0 1.5 8.37 0.375 2.12 7.04 62.0 89.3 5.50 3.71
2 2011/02/18-10:11 M6.6 (755,-270) 5.99 8.64 1.33 10.9 15.7 1.0 2.47 0.00 0.467 3.46 71.2 80.7 3.05 1.67
3 2011/02/18-13:03 M1.4 (765,-275) 2.21 3.21 2.03 5.42 7.90 1.28 1.32 0.375 0.0833 1.73 71.3 79.6 1.67 1.35
4 2011/02/24-07:35 M3.5 (-925,275) 9.45 31.2 2.2 5.37 17.7 0.8 9.35 0.750 2.63 3.93 50.3 16.9 3.37 2.29
5 2011/03/07-20:12 M3.7 (615,560) 4.51 6.84 1.72 6.28 9.53 1.17 2.38 0.375 2.07 2.12 42.4 19.5 4.17 5.76
6 2011/03/09-23:23 X1.5 (190,275) 3.55 3.84 4.27 8.80 9.52 3.22 1.23 1.50 0.833 2.12 55.1 96.4 5.38 4.07
7 2011/03/14-19:52 M4.2 (705,340) 6.65 9.33 2.44 10.1 14.2 1.7 2.93 0.375 0.133 3.18 60.7 72.7 2.99 2.11
8 2011/03/15-00:22 M1.0 (750,325) 1.32 1.94 0.71 2.37 3.48 0.48 2.13 0.375 0.100 0.779 77.6 43.5 1.35 1.05
9 2011/07/30-02:09 M9.3 (-525,170) 17.6 20.5 2.7 24.3 28.2 1.7 2.43 0.375 0.200 6.73 60.9 60.4 4.01 2.85
10 2011/09/24-20:36 M5.8 (-740,155) 2.88 3.89 1.17 5.64 7.63 0.63 1.87 0.00 0.633 1.79 75.7 44.2 2.63 1.71
11 2011/09/24-09:40 X1.9 (-815,165) 24.8 37.7 3.7 33.2 50.4 1.3 3.33 0.00 0.317 11.7 78.3 64.7 3.93 2.45
12 2011/09/26-05:08 M4.0 (-520,120) 4.99 5.77 1.65 8.26 9.55 1.33 2.07 0.375 0.133 2.24 73.2 76.6 2.40 2.02
13 2011/12/26-20:30 M2.3 (635,-325) 4.95 6.42 3.06 5.01 6.51 0.88 2.10 0.375 0.0333 1.49 70.9 61.3 1.89 2.29
14 2011/12/31-13:15 M2.4 (-620,-395) 5.62 7.41 5.11 7.78 10.3 2.6 2.18 1.12 0.217 2.35 74.5 75.3 1.93 1.74
15 2012/03/09-03:53 M6.3 (50,380) 11.3 12.4 3.7 11.6 12.7 1.6 3.82 0.375 3.27 3.00 71.4 94.6 1.88 4.46
16 2012/05/10-04:18 M5.7 (-360,255) 14.1 15.7 4.6 17.5 19.5 3.2 2.93 0.375 0.600 4.81 60.5 56.8 3.38 2.49
17 2012/06/03-17:55 M3.3 (-565,275) 5.96 7.23 3.32 8.49 10.3 1.4 2.65 0.750 0.500 2.56 51.3 34.3 3.29 2.53
18 2012/07/04-09:55 M5.3 (290,-340) 6.22 6.93 2.86 8.64 9.63 1.58 1.62 0.375 0.317 2.41 79.8 95.8 2.42 1.84
19 2012/07/05-03:36 M4.7 (415,-335) 7.31 8.45 0.98 10.4 12.0 0.7 2.62 0.00 0.417 3.01 72.6 66.9 2.55 2.05
20 2012/07/05-11:48 M6.1 (500,-350) 19.1 23.0 4.9 19.4 23.3 1.7 3.08 0.375 1.12 5.82 64.8 73.1 3.22 2.62
21 2012/07/06-01:40 M2.9 (590,-330) 5.52 6.95 0.75 5.90 7.42 0.30 4.08 0.00 0.0833 1.86 66.7 95.7 2.33 1.68
22 2012/07/19-05:58 M7.7 (925,-200) 3.64 9.03 1.04 1.11 2.75 0.16 8.48 1.50 8.42 0.688 57.0 19.6 3.52 4.77
23 2012/08/06-04:38 M1.6 (-915,-230) 1.83 4.33 0.58 2.21 5.22 0.23 3.88 0.375 0.267 1.30 64.4 7.23 1.91 1.06
24 2012/10/23-03:17 X1.8 (-800,-260) 20.6 31.6 1.4 28.0 43.0 0.8 2.78 0.00 0.267 10.4 96.9 58.6 3.03 2.74
25 2012/11/20-12:41 M1.7 (950,200) 0.674 2.22 0.40 1.85 6.09 0.36 1.10 0.00 0.683 1.46 55.2 5.07 2.33 1.13
26 2013/05/13-02:17 X1.7 (-930,200) 4.19 10.9 1.6 2.69 7.02 0.51 2.78 1.50 1.15 1.79 74.8 3.24 3.92 2.82
27 2013/05/13-16:05 X2.8 (-925,180) 27.7 64.0 2.0 15.6 36.1 0.4 4.88 0.750 3.10 9.17 64.3 30.1 5.75 3.41
28 2013/05/15-01:48 X1.2 (-850,200) 26.4 43.9 6.1 9.01 15.0 1.0 14.1 0.375 3.78 3.81 47.1 37.6 5.96 3.71
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Table 1. Physical paremeters of flares (Continued).
No Day∗ GOES Loc.† E‡ EC
§ ∆E‖ F# FC
§ ∆F ‖ τdecay
∗∗ ∆τdecay τHXR
†† FC/Fsun Best
‡‡ Bobs
§§ Lest
‡‡ Lobs
§§
Class [arcsec] [1029erg] [1029erg] [1029erg] [105DN] [105DN] [105DN] [min] [min] [min] [ppm] [G] [G] [109cm] [109cm]
29 2013/10/25-08:01 X1.7 (-910,-160) 18.1 36.8 2.2 16.9 34.2 0.7 4.00 0.375 1.47 8.49 82.0 46.4 3.67 1.82
30 2013/10/28-15:15 M4.4 (-440,-195) 19.7 22.2 6.4 8.77 9.89 1.52 3.07 0.375 0.400 2.45 60.5 61.3 2.52 3.62
31 2013/10/28-02:03 X1.0 (910,40) 16.9 32.3 8.5 11.0 21.0 2.6 2.55 1.12 0.750 5.20 58.2 44.1 4.33 3.12
32 2013/11/10-05:14 X1.1 (215,-275) 21.5 23.3 4.8 28.2 30.7 2.7 2.92 0.375 1.38 7.55 65.2 58.6 4.00 4.04
33 2014/01/07-10:13 M7.2 (-220,-170) 30.9 33.0 9.1 39.9 42.7 3.5 3.38 0.00 0.500 10.4 73.6 115 2.95 2.69
34 2014/01/27-22:10 M4.9 (-940,-260) 4.46 14.7 1.3 3.58 11.8 0.5 6.12 0.750 1.03 2.87 72.4 72.2 2.63 1.11
35 2014/02/07-10:29 M1.9 (765,265) 3.27 4.76 2.06 5.83 8.49 1.16 2.02 0.750 0.0833 2.08 78.8 69.0 1.79 1.32
36 2014/03/12-22:34 M9.3 (910,270) 8.11 20.6 1.4 8.37 21.3 0.6 3.67 0.375 0.817 5.28 78.1 41.3 3.05 1.93
37 2014/03/29-17:48 X1.0 (515,265) 14.7 17.3 3.2 19.8 23.3 1.8 2.83 0.375 0.800 5.84 61.5 47.5 4.05 3.18
38 2014/06/11-09:06 X1.0 (-820,-305) 12.5 20.7 3.5 8.17 13.6 1.1 6.17 0.750 0.633 3.52 76.5 45.1 3.24 1.88
39 2014/10/16-13:03 M4.3 (-935,-225) 3.85 12.7 1.0 5.27 17.4 0.5 2.65 0.00 0.233 4.35 126 22.6 1.40 1.35
40 2014/10/22-01:59 M8.7 (-390,-295) 1.54 1.74 1.25 3.93 4.46 0.95 1.27 0.00 0.267 1.12 67.2 137 3.47 3.79
41 2014/10/22-14:28 X1.6 (-170,-320) 4.67 5.08 1.31 7.84 8.53 0.61 2.30 0.374 0.733 2.14 75.2 111 3.64 5.90
42 2014/10/24-07:48 M4.0 (80,-410) 7.02 7.77 3.44 4.66 5.16 1.16 4.83 0.00 1.32 1.29 62.4 34.2 2.81 3.29
43 2015/03/02-15:28 M3.7 (909,366) 3.77 12.4 1.7 2.47 8.16 0.41 6.62 1.50 0.500 2.02 54.3 6.37 3.13 2.04
44 2015/03/10-03:24 M5.1 (-600,-170) 9.03 10.9 1.8 10.9 13.3 0.7 2.83 0.375 0.483 3.31 61.0 70.4 3.17 2.23
45 2015/03/11-00:02 M2.9 (-429,-157) 4.33 4.85 1.39 11.2 12.5 1.2 0.917 0.375 0.133 3.12 71.2 112 2.14 1.44
46 2015/03/11-16:22 X2.1 (-350,-174) 27.9 30.7 12.9 19.6 21.6 3.4 4.02 0.750 0.117 5.38 69.8 104 4.78 2.73
47 2015/05/05-22:11 X2.7 (-902,259) 32.2 72.8 3.0 31.4 71.1 0.8 3.27 0.00 0.517 18.4 68.4 56.5 5.33 3.29
48 2015/08/28-19:04 M2.1 (869,-273) 1.19 2.27 0.76 2.30 4.38 0.55 1.85 0.750 0.350 1.14 91.5 88.7 1.46 1.16
49 2015/10/02-00:13 M5.5 (826,-377) 9.94 18.6 3.4 10.8 20.3 1.3 3.72 0.375 2.00 5.18 63.8 51.0 3.14 1.85
50 2015/11/04-12:03 M2.5 (887,231) 2.24 4.33 1.26 3.08 5.95 0.59 2.12 0.375 4.65 1.49 54.7 38.6 3.11 1.48
∗Flare peak time of the GOES soft X-ray flux. †Event locations (EW, NS) in the unit of arcsec. ‡Flare energy radiated in the white light. §Corrected values for limb darkening.
‖1 σ error of each value. (Note that the error bars on the Figure 4 are 3-σ values) #Total counts of the white-light flares. ∗∗E-folding decay time. ††Decay time of the HXR flare (30-80keV).
‡‡Theoretically estimated values from the scaling laws. §§Observationally measured values with SDO.
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Table 2. Detailed Observations.
No WL Start∗ WL End∗ HXR Area† Detecter‡ No WL Start∗ WL End∗ HXR Area† Detecter‡
[%] No [%] No
1 2011/02/15-01:31:35 2011/02/15-01:54:05 30 (4,5,6,7,8) 26 2013/05/13-01:49:45 2013/05/13-02:07:45 30 (3,5,6,7,8)
2 2011/02/18-09:47:19 2011/02/18-09:54:04 30 (4,5,6,7,8) 27 2013/05/13-15:43:45 2013/05/13-16:04:00 30 (3,5,6,7,8,9)
3 2011/02/18-12:45:04 2011/02/18-12:51:04 30 (4,5,6,7,8) 28 2013/05/15-01:23:31 2013/05/15-01:47:31 30 (3,5,6,7,8,9)
4 2011/02/24-07:19:35 2011/02/24-07:33:50 30 (4,5,6,7,8) 29 2013/10/25-07:47:22 2013/10/25-08:01:37 20 (3,5,6,7,8,9)
5 2011/03/07-19:36:51 2011/03/07-19:43:36 30 (4,5,6,7,8) 30 2013/10/28-15:01:37 2013/10/28-15:19:37 50 (3,5,6,7,8)
6 2011/03/09-22:57:52 2011/03/09-23:03:07 30 (4,5,6,7,8) 31 2013/10/28-01:51:06 2013/10/28-02:04:36 10 (3,5,6,7,8,9)
7 2011/03/14-19:32:22 2011/03/14-19:42:07 20 (4,5,6,7,8) 32 2013/11/10-04:51:05 2013/11/10-04:57:50 20 (3,4,5,6,8)
8 2011/03/15-00:03:07 2011/03/15-00:09:52 70 (4,5,6,7,8) 33 2014/01/07-09:47:17 2014/01/07-10:00:47 30 (3,5,6,7,8,9)
9 2011/07/30-02:01:03 2011/07/30-02:08:33 30 (4,5,6,7,8) 34 2014/01/27-22:00:02 2014/01/27-22:10:32 20 (3,4,5,6,7,8)
10 2011/09/24-20:23:27 2011/09/24-20:29:27 50 (4,5,6,7,8) 35 2014/02/07-10:03:48 2014/02/07-10:13:33 10 (3,5,6,7,8,9)
11 2011/09/24-09:24:57 2011/09/24-09:34:42 30 (4,5,6,7,8) 36 2014/03/12-22:11:22 2014/03/12-22:21:52 10 (3,5,6,7,8,9)
12 2011/09/26-04:56:27 2011/09/26-05:02:27 50 (4,5,6,7,8) 37 2014/03/29-17:38:24 2014/03/29-17:46:39 20 (3,5,6,7,8,9)
13 2011/12/26-20:06:48 2011/12/26-20:16:33 30 (3,4,5,6,7,8,9) 38 2014/06/11-08:43:48 2014/06/11-08:56:33 10 (3,5,6,7,8,9)
14 2011/12/31-13:06:03 2011/12/31-13:14:18 10 (3,4,5,6,7,8) 39 2014/10/16-12:44:23 2014/10/16-12:51:53 30 (3,5,6,7,9)
15 2012/03/09-03:17:23 2012/03/09-03:27:53 50 (3,5,6,7,8) 40 2014/10/22-01:20:23 2014/10/22-01:24:08 30 (3,4,5,6,7,8,9)
16 2012/05/10-03:54:16 2012/05/10-04:01:46 20 (3,5,6,7,8,9) 41 2014/10/22-14:00:07 2014/10/22-14:06:07 50 (3,5,6,7,9)
17 2012/06/03-17:25:48 2012/06/03-17:32:33 20 (3,5,6,7,8,9) 42 2014/10/24-07:29:21 2014/10/24-07:40:36 30 (3,6,8)
18 2012/07/04-09:28:03 2012/07/04-09:40:48 10 (3,5,6,7,8,9) 43 2015/03/02-15:00:05 2015/03/02-15:14:20 30 (3,5,6,7,9)
19 2012/07/05-03:04:48 2012/07/05-03:12:18 30 (3,5,6,7,8,9) 44 2015/03/10-03:02:22 2015/03/10-03:13:37 30 (3,5,6,7,9)
20 2012/07/05-11:18:18 2012/07/05-11:28:48 10 (3,5,6,7,8,9) 45 2015/03/10-23:41:22 2015/03/10-23:47:22 20 (3,5,6,7,9)
21 2012/07/06-01:13:48 2012/07/06-01:23:33 30 (3,5,6,7,8,9) 46 2015/03/11-16:00:52 2015/03/11-16:13:37 10 (4,5,6,7,8)
22 2012/07/19-05:07:03 2012/07/19-05:32:33 30 (3,5,6,7,8) 47 2015/05/05-21:45:14 2015/05/05-21:59:29 30 (3,5,6,7,8)
23 2012/08/06-04:10:47 2012/08/06-04:20:32 30 (3,5,6,7,8,9) 48 2015/08/28-18:55:44 2015/08/28-19:03:14 20 (3,5,6,7,8,9)
24 2012/10/23-03:03:08 2012/10/23-03:12:53 30 (3,5,6,7,8,9) 49 2015/10/01-23:44:25 2015/10/01-23:52:40 50 (5,6,7,8)
25 2012/11/20-12:24:49 2012/11/20-12:29:19 10 (3,5,6,7,8) 50 2015/11/04-11:36:50 2015/11/04-11:42:50 50 (3,5,6,7,8)
∗The start and end time of white-light flare we defined by eye on the basis of the pre-flare subtracted movies in Section 2.
†The contour levels of the mask of the hard X-ray images where we extracted white-light emission as in Section 2.
‡The RHESSI detectors we used in this analysis.
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Table 3. Physical paremeters of flares with Hinode.
No Day EC τHMI τred
∗ τgreen
∗ τblue
∗
[1029erg] [min] [min] [min] [min]
2 2011/02/18-10:10 8.64 2.47 2.10 2.07 1.85
14 2011/12/31-13:13 7.41 2.18 1.98 3.20 0.983
24 2012/10/23-03:15 31.6 2.78 3.15 3.13 3.30
41 2014/10/22-14:06 5.08 2.30 2.55 2.70 2.80
∗Observed e-folding decay time with SOT/Red, Green, and Blue continuum.
